Very low threshold-current-density InGaAsN quantum-well lasers with GaAsN barriers, grown using metalorganic chemical vapor deposition, have been realized with a room-temperature emission wavelength of 1317 nm. The GaAsN barriers are employed to extend the wavelength, to strain compensate the quantum well, and to improve the hole confinement inside the quantum well. RT threshold current densities of only 210-270 A/cm 2 are measured for InGaAsN quantum-well lasers (L cav ϭ1000-2000 m) with an emission wavelength of 1317 nm.
Conventional choices of active region for 1300-nm diode lasers are based on the InGaAsP or InGaAlAs quantumwell ͑QW͒ material systems on InP substrates.
1, 2 The poor temperature characteristic of these conventional approaches 1,2 has led to increasing effort in pursuing InGaAsN QWs, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] as well as other active regions, to realize high-performance 1300-nm diode lasers on GaAs for hightemperature operation. Kondow and co-workers 3 introduced the InGaAsN material system as a material system with enormous potential for realizing light emitters on GaAs in the wavelength regime of interest for optical communications, namely, 1300-1550 nm. Recent promising results 4, 6, 7, 9, [11] [12] [13] [14] have shown tremendous potential for InGaAsN QW lasers as an alternative material system to replace the conventional technology in the wavelength regime of 1300 nm. InGaAsN QW lasers have demonstrated impressive results for devices with emission wavelength slightly below or at 1300 nm. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Only two results of 1300-nm InGaAsN QW lasers with GaAsN barriers from Stanford University 10 and Tampere University of Technology, 13 both utilizing molecular-beam epitaxy ͑MBE͒, have been realized with reasonably good lasing performance at emission wavelengths beyond 1315 nm. The utilization of GaAsN barriers surrounding the InGaAsN QW has been pursued previously by several other groups utilizing MBE technology. [11] [12] [13] Most of these pursuits have the intention of achieving slightly longer emission wavelengths beyond 1300 nm, by reducing the quantum confinement effect. An additional benefit from the utilization of tensile-strained GaAsN barriers is the strain compensation of the highly compressively strained InGaAsN QW.
The method that we pursue here is to utilize an InGaAsN QW lasers with GaAsN barriers grown by metalorganic chemical vapor deposition ͑MOCVD͒. In addition to a reduction in the quantum confinement effect, we also find improvements in the lasing characteristics at elevated temperatures, presumably as a result of stronger hole confinement.
All the laser structures reported here are realized by lowpressure MOCVD. The group-III precursors are the trimethyl sources of Ga, Al, and In. The group-V precursors are AsH 3 and PH 3 . The n-and p-dopants are SiH 4 ͑2% in H 2 ) and diethylzinc, respectively. The N precursor is unsymmetricaldimethylhydrazine. The design of the laser structure is shown in Fig. 1 20 cm Ϫ3 ͑carbon-doped͒. Broad area lasers are fabricated with a stripe width of 100 m, which is defined from etching a SiO 2 layer deposited on top of the p ϩ -GaAs layer. The metal contacts are realized with 250-Å Ti/500-Å Pt/1500-Å Au and 200-Å Ge/ 1000-Å GeAu/500-Å Ni/3000-Å Au for p-and n-contacts, respectively. The annealing of the metal contacts is accomplished under forming gas (10% H 2 ϩ90% N 2 ) at a temperature of 370°C for duration of 30 s.
As-cleaved laser devices are characterized under pulsed conditions, with a pulse width of 5 s and duty cycle of 1%, for various cavity lengths ranging from 750 to 2000 m at room temperature (Tϭ20°C). The RT threshold current density and near-threshold lasing spectrum of an InGaAsNGaAsN QW laser with a cavity length of 750 m are measured as 300 A/cm 2 and 1311 nm, respectively, as shown in Fig. 2 . A redshift of approximately 20-25 nm in emission wavelength was observed for the InGaAsN-GaAsN QW lasers compared to those of our previously reported InGaAsNGaAs structures, 8 resulting in an emission wavelength of 1317 nm for devices with a cavity length of 1500 m. Threshold current densities (J th ) of only 270, 230, and 210 A/cm 2 are measured for devices with cavity lengths of 1000, 1500, and 2000 m, respectively. Total external differential quantum efficiency as high as 43-46% ͑420%-430 mW/A͒ was also obtained for devices with a cavity length of 750 m. The internal loss and the above-threshold current injection efficiency of the InGaAsN-GaAsN QW lasers are measured as approximately 9 cm Ϫ1 and 70%, respectively. The gain characteristics (g) of the InGaAsN QW lasers in these studies are assumed to follow the conventional semilogarithmic relation of g th ϭg oJ ln( inj J th /J tr ), with g oJ defined as the material gain parameter. From measurements of devices with various cavity lengths, g oJ and the transparency current density (J tr ) have been determined to be approximately 1320Ϯ50 cm Ϫ1 and 75Ϯ5 A/cm 2 , respectively. The measured g oJ and J tr of the InGaAsN-GaAsN QW lasers reported here are comparable to those of InGaAsN QW lasers with GaAs barriers (g oJ ϳ1150-1200 cm Ϫ1 and J tr ϳ75-80 A/cm 2 ). 8 We find that the choice of the barrier material surrounding the InGaAsN QW is very important, affecting primarily the threshold characteristics of the lasers at elevated temperatures.
The characteristics of the InGaAsN-GaAsN QW lasers are measured from temperatures of 10 to 100°C, with temperature steps of 5°C. In the temperature range from 10 to 50°C, the T 0 values ͓1/T 0 ϭ(1/J th )dJ th /dT͔ of these lasers are measured as high as 100 K for devices with cavity lengths of 1000 and 2000 m, as shown in Fig. 3 . From our measurements on devices with various cavity lengths, the threshold characteristic of these 1311-1317-nm InGaAsNGaAsN QW lasers is less temperature sensitive by comparison to the 1290-1295-nm InGaAsN QW lasers with GaAs barriers. 8 The increase in T 0 values for the InGaAsN-GaAsN QW lasers, in comparison to those of InGaAsN-GaAs QW lasers, is not accompanied by any increase in threshold current, as shown in Fig. 4 . Very low threshold current densities of only 550 ͑and 520͒ A/cm 2 and 715 ͑and 670͒ A/cm 2 are also achieved for InGaAsN-GaAsN QW lasers with cavity lengths of 1500 and 750 m, respectively, at a temperature of 90 ͑and 85͒°C. The lasing wavelength shift with temperature is found to be a linear function with a rate (d/dT) of approximately 0.39 nm/K, resulting in emission wavelengths beyond 1340-1345 nm for devices with a cavity length of 1500 m at a temperature of 90°C.
In earlier works, [11] [12] [13] aside from strain compensation, the motivation for using GaAsN barriers surrounding the InGaAsN QW is to reduce the quantum confinement effect, which in turn results in a redshifting of the emission from the QW. We demonstrate here that, in addition to the wavelength redshift, the utilization of GaAsN barriers surrounding the InGaAsN QW may also improve hole confinement in the QW, as is evident from the improved temperature performance. The slight type-II alignment of the GaAsN material system to the GaAs material system has been previously reported with a very small negative valence band offset (⌬E v ) of 15-20 meV/%N, 16 -18 which would lead to a slight increase in the heavy-hole confinement (⌬E v ) in InGaAsN QW, as shown schematically in Fig. 1 .
To place the results reported here in perspective, we plot the best-reported threshold current densities for various InGaAsN QW lasers 4, [5] [6] [7] [8] [9] [11] [12] [13] [14] 19 in Fig. 5 . The previous lowest reported threshold current density of 546 A/cm 2 for InGaAsN QW lasers with a cavity length of 1600 m at an emission wavelength of 1317 nm was realized by the group at Tampere University of Technology utilizing MBE technology. 13 Note that the threshold-current-density plots ͑in Fig. 5͒ for our various InGaAsN QW lasers are taken from devices with cavity lengths of 1000-2000 m, which exhibit slightly lower values in comparison to the shorter cavity devices ͑shown in Fig. 4 , for L cav ϭ750 m͒.
In summary, we have realized In 0.4 Ga 0.6 As 0.995 N 0.005 quantum-well lasers employing GaAs 0.97 N 0.03 barriers, with room-temperature emission wavelength of 1311-1317 nm. Threshold current densities of approximately 300, 270, 230, and 210 A/cm 2 are measured for these devices for cavity lengths of 750, 1000, 1500, and 2000 m, respectively. By changing only the barrier material from GaAs to GaAsN, we find improved device temperature characteristics in addition to a redshift in the emission wavelength. This improvement may be accounted for by the improved heavy-hole confinement in the GaAsN barrier structures. The weak dependency of the threshold current densities with emission wavelength for the range of 1280 to 1317 nm, also indicates potential for high-performance InGaAsN QW lasers with emission wavelengths even beyond 1320 nm.
